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Abstract
The strange-quark vector current ρ-to-pi meson transition form factor is com-
puted at one-loop order using strange meson intermediate states. A com-
parison is made with a φ-meson dominance model estimate. We find that
one-loop contributions are comparable in magnitude to those predicted by
φ-meson dominance. It is possible that the one-loop contribution can make
the matrix element as large as those of the electromagnetic current mediating
vector meson radiative decays. However, due to the quadratic dependence of
the one-loop results on the hadronic form factor cut-off mass, a large uncer-
tainty in the estimate of the loops is unavoidable. These results indicate that
non-nucleonic strange quarks could contribute appreciably in moderate-|Q2|
parity-violating electron-nucleus scattering measurements aimed at probing
the strange-quark content of the nucleon.
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I. INTRODUCTION
There has been considerable interest recently in the use of semi-leptonic weak neutral
current scattering to study the strange-quark “content” of the nucleon [1-12]. In particular,
several parity-violating (PV) electron scattering experiments are planned and/or underway
at MIT-Bates, CEBAF, and MAINZ whose objective is to measure the nucleon’s strange-
quark vector current form factors [13-17]. In a similar vein, a low-|Q2| determination of
the nucleon’s axial vector strangeness form factor will be made using neutrino scattering at
LAMPF [18], following on the higher-|Q2| measurement made at Brookhaven [19]. These
experiments are of interest in part because they provide a new window on the role played by
non-valence degrees of freedom (specifically, virtual ss¯ pairs) in the nucleon’s response to a
low- or medium-energy external probe. In contrast to the theoretical analysis of scattering in
the deep inelastic regime, for which perturbative methods are applicable, the interpretation
of low-to-medium energy scattering can be carried out at present only within the context
of effective hadronic models. In the case of the nucleon’s strangeness form factors, several
model calculations have been performed yielding a rather broad spectrum of results [20-26].
It is desirable, then, that experimental determinations of these form factors be carried out
at a level of precision allowing one to distinguish among various models and the physical
pictures on which they are based.
As discussed elsewhere in the literature, semi-leptonic measurements performed with
proton targets alone would not be sufficient for this purpose [1, 2, 6]. A program of mea-
surements which includes A > 1 targets appears to be warranted [1, 2]. The interpretation
of neutrino-nucleus and PV electron-nucleus scattering observables naturally introduces a
new level of complication associated with many-body nuclear dynamics not encountered in
the case of proton targets. These many-body effects are interesting in two respects. On
the one hand, if one wishes to extract the single nucleon strangeness form factors from nu-
clear form factors, one requires knowledge of the many-body contributions to the nuclear
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strangeness form factors. On the other, the role played by non-nucleonic strangeness (i.e.,
non-nucleonic, non-valence quark degrees of freedom) in the nuclear response is interesting
in its own right.
Recently, one class of many-body contributions to the nuclear strangeness form factors
– meson exchange currents (MEC’s) – were analyzed for the case of 4He [27, 28]. A helium
target will be used in a future CEBAF PV electron scattering experiment designed to study
the nucleon’s strangeness electric form factor at moderate-|Q2| [14]. In Ref. [28], it was
shown that MEC’s give a non-negligible contribution to the 4He strangeness form factor at
the kinematics of the approved experiment. Of particular note is the ρ-to-π-meson strange-
quark “transition current”. Using a simple φ-meson vector dominance model and the known
φ → ρπ branching ratio, this MEC was estimated to give a 15% contribution to the PV
asymmetry. Given the magnitude of this result and its potential importance in the inter-
pretation of the 4He experiment, one would like a more detailed analysis of this strangeness
transition current. The goal of the present paper is to improve upon the vector dominance
estimate of Refs. [27, 28] by including loop effects. In so doing, our objective is not so
much to provide an airtight theoretical prediction as to arrive at an order of magnitude
for, and quantify the theoretical uncertainty associated with, loop effects. Section II gives
a brief discussion of the nuclear physics context for our calculation as well as a review of
the φ-dominance estimate of the ρ-π strangeness form factor. In Section III we present the
formal framework in which we carry out our analysis. The loop calculation is presented in
Section IV. Section V gives our results and a discussion of their significance, and in Section
VI we summarize our work. Technical details may be found in the Appendix.
II. NUCLEAR STRANGENESS FORM FACTORS
The 4He PV asymmetry, ALR, can be written as [1, 2, 6]
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ALR =
Gµ|Q2|
4
√
2 π α

4 sin2 θW + F
(s)
C (q)
F T=0
C
(q)

 , (1)
where Gµ is the Fermi constant measured in µ-decay, Q
2 = ω2 − |~q|2 is the four-momentum
transfer squared, and where electroweak radiative corrections have been ignored for simplic-
ity. The quantity F T=0
C
(q) is the 4He electromagnetic elastic charge form factor (T = 0 for
isoscalar targets). The 4He elastic strangeness form factor, F
(s)
C (q), is given by
F (s)
C
(q) =
∫
d3xei~q·~x 〈g.s.|s†(~x)s(~x)|g.s.〉, (2)
where |g.s.〉 is the nuclear ground state and s(~x) is the strange-quark field operator. Note
that since s†s is just the charge component of the strangeness vector current, s¯γµs, and since
4He has no net strangeness, the form factor F
(s)
C must vanish at zero momentum transfer.
For non-zero momentum transfer, F
(s)
C (q) receives a number of contributions, some of which
are illustrated in Fig. 1.
In conventional (non-relativistic) nuclear models, the processes of Figs. 1a and 1b are
sensitive to the nucleon’s strangeness vector current form factors. Those of type 1a give
the so-called impulse approximation, or one-body, contribution. Processes of type 1b which
involve an exchange of a mesonM must be included in any nuclear calculation which respects
vector current conservation and in which the two-nucleon potential arises from the exchange
of meson M . In the present paper, we are concerned with contributions of type 1c, which
involve matrix elements of the strangeness vector current between meson states M and M ′.
It is straightforward to show using G-parity invariance that 〈M ′|s¯γµs|M〉 vanishes when
M = M ′. Hence, only transition matrix elements contribute. The corresponding MEC’s
are referred to as “transition currents”. For moderate values of momentum-transfer, one
expects the lightest mesons to give the largest effect, since they have the longest range and
experience the least suppression from the N −N short range repulsion. For this reason, we
restrict our attention to the transition current involving the lightest possible allowed pair of
states: M = π and M ′ = ρ.
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For on-shell mesons, the ρ-to-π transition matrix element has the structure
〈ρa(k1, ε)|s¯γµs|πb(k2)〉 =
g(s)ρπ (Q
2)
Mρ
ǫµναβk
ν
1k
α
2 ε
β∗δab, (3)
where εβ is the ρ-meson polarization vector, k1 and k2 are the meson momenta, and a and b
are isospin indices. In the case of nuclear processes, where the typical momenta of hadrons
inside the nucleus have magnitudes less than the Fermi momentum (∼ 200 MeV), the virtual
ρ-meson will be rather far off its mass shell. Consequently, the dimensionless form factor g(s)ρπ
ought also to depend on k21 and k
2
2 as well as Q
2. It is conventional in nuclear calculations,
however, to neglect the off-shell dependence of transition form factors, so for purposes of
making contact with this framework, we will quote results for the on-shell case.
In previous work [27, 28], an estimate of g(s)ρπ (Q
2) was made based on the assumption of
φ-meson dominance, as illustrated in Fig. 2. Under this assumption, one has
〈ρa(k1, ε)|s¯γµs|πb(k2)〉 = 〈0|s¯γµs|φ(Q, εφ)〉 1
Q2 −M2φ
〈φ(Q, εφ)|ρ(−k1, ε)π(k2)〉, (4)
where εφ is the virtual φ-meson polarization vector and where a sum over all independent
polarizations is implied. Noting that the φ is nearly a pure ss¯ state, so that 〈0|u¯γµu|φ〉 ≈
0 ≈ 〈0|d¯γµd|φ〉, one has (see the Appendix for details)
〈0| s¯γµs |φ(Q, ε)〉 ≈ −3 〈0|JEMµ |φ(Q, ε)〉 = −3
M2φ
fφ
εµ, (5)
where one obtains fφ ≈ 13 from an analysis of Γ(φ → e+e−) [29]. From the experimental
value for the φ→ ρπ branching ratio [29], one may obtain a value for the magnitude of the
decay amplitude, 〈ρπ|φ〉. From these inputs one obtains for the transition form factor (see
the Appendix)
g(s)ρπ (Q
2)
∣∣∣
φ−dom =
gρπs
Q2 −M2φ
, (6)
with |gρπs| ≈ 0.20 GeV2 [30].
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In what follows, we consider additional contributions to g(s)ρπ (Q
2) arising from loops, as
in Fig. 3.
The rationale for considering these contributions is similar to that for including loops
in studies of other form factors. From a dispersion integral standpoint, g(s)ρπ (Q
2) receives
contributions not only from poles (identified with vector mesons), but also from the multi-
meson, intermediate-state continuum. For values of Q2 sufficiently far from the poles (e.g.,
M2φ), the continuum contributions need not be negligible. In the present instance, the lightest
allowed intermediate states contain one pseudoscalar and one vector meson (parity requires
the vanishing of the strong interaction π → two K amplitude). Hence, we will consider
contributions involving one K and one K∗ in the intermediate state.
III. EFFECTIVE LAGRANGIANS
In this section we derive the effective interactions relevant to the calculation of one-loop
contributions to the matrix element 〈ρa(k1, ε)|s¯γµs|πb(k2)〉 and determine the effective cou-
pling constants associated with them. In the derivation we use an effective chiral Lagrangian,
which takes into account the global symmetries of QCD. This Lagrangian involves the octet
of light pseudoscalar mesons (the quasi-Goldstone bosons of spontaneously broken chiral
SUL(3)×SUR(3)), the nonet of vector mesons, and external gauge sources needed to obtain
the relevant currents (electromagnetic and strangeness) which play a role in our analysis.
The framework is that of the non-linear σ-model. The quasi-Goldstone fields are coor-
dinates of the coset space SUL(3)× SUR(3)/SUV (3) ∼ SU(3), and appear in the following
form
U(x) = exp
(
−i Π
F0
)
, Π =
8∑
a=1
πaλa, (7)
where λa are the Gell-Mann matrices normalized according to Tr(λaλb) = 2 δab, πa are the
members of the octet of pseudoscalar quasi-Goldstone fields, and F0 ∼ 93 MeV is the pion
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decay constant in the chiral limit. The transformation properties of the quasi-Goldstones
are determined by the way U(x) responds to a chiral transformation: U(x) → RU(x)L†,
where L (R) belongs to SUL(3) (SUR(3)).
The chiral transformation law for the octet of vector mesons is given by
Vµ → h Vµ h† (8)
where Vµ = V
a
µ λ
a, u(x) ≡
√
U(x), and h = h(L,R, u(x)) is determined by the equations
L u(x) = u′(x) h R u†(x) = u′
†
(x) h (9)
where u′ results from the action of the chiral transformation on u.
In order to build a chirally invariant Lagrangian for the octet of vector mesons we further
need to introduce a covariant derivative
∇µ = ∂µ − iΓµ Γµ = i
2
(u†∂µu+ u∂µu
†), (10)
which operates as follows on Vµ: ∇µVν = ∂µVν − i [Γµ, Vν ]. Similarly, we require the axial
vector connection
ωµ =
i
2
(u†∂µu− u∂µu†). (11)
Both ∇µ and ωµ have the same chiral transformation law as Vµ.
In addition, we will consider two external source gauge fields, the electromagnetic po-
tential Aµ and the potential Sµ which couples to the strangeness vector current. In this way
one can obtain the most general form of the respective currents in the effective theory. At
the appropriate stage we will show how they enter in the effective Lagrangian.
The piece of the effective Lagrangian containing the kinetic and mass terms of the vector
meson octet is given by
9
LV = −1
8
Tr(VµνV
µν) +
M2V
4
Tr(VµV
µ) , (12)
where Vµν = ∇µVν−∇νVµ. The Lagrangian LV only contains terms with two vector mesons
(V ) and even numbers of quasi-Goldstone bosons (P). There is no SU(3) breaking at this
level in the interactions. For simplicity, we will only include the dominant SU(3) breaking
effects which are generated by the mass splittings in the octets of pseudoscalar and vector
mesons.
The vertex of type V V P needed in our analysis is specifically ρK∗K. In order to de-
termine the corresponding coupling constant we need to consider in addition the V V 0P
vertices, where V0 is the singlet component of the nonet of vector mesons. The correspond-
ing effective Lagrangians at leading order in chiral power counting are of O(p), where p
denotes the generic small momentum carried by the quasi-Goldstone bosons, and read
LV V P = R8 ǫµνρσ Tr({∇µ V ν , V ρ}ωσ)
LV V 0P = R0 ǫµνρσ Tr(∇µ V ν , ωρ)V 0σ . (13)
Here, we have used the identity ǫµνρσ∇ρωσ = 0 to simplify the expressions. For the vertices
of interest we need only keep the first term in the expansion of ωµ: ωµ = 1
2F0
∂µΠ +O(Π3).
The only observable strong interaction process of this type is φ → ρπ. In order to be able
to determine R8, we must simultaneously pin down R0, and this requires further informa-
tion, which we obtain by considering the radiative decays V → Pγ supplemented with the
hypothesis of vector meson dominance. From this analysis, presented in the Appendix, we
obtain R8 = 0.22± 0.08.
The vertices of type V PP we need are of the type K∗Kπ. They are determined in terms
of a single effective coupling, and the corresponding effective Lagrangian is
LV PP = ξ8 Tr(∇µVν [ωµ, ων]) , (14)
where ξ8 can be determined from either of the following two decay widths:
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Γ(ρ0 → π+π−) = ξ
2
8
192πF 40
M2ρ (M
2
ρ − 4M2π)3/2
Γ(K∗+ → K+π0) = ξ
2
8
96πF 40
EK Eπ kf , kf =
1
2MK∗
√
λ[M2K∗,M
2
K ,M
2
π ] , (15)
where λ[x, y, z] = x2 + y2 + z2 − 2xy − 2xz − 2yz. The first width gives ξ8 = 0.175 and
the second gives ξ8 = 0.140. Notice that we have used the same decay constant for π and
K mesons. Under the assumption of SU(3) symmetry in the interactions, the use of either
value of ξ8 is justified.
Now we turn to those terms in the effective Lagrangian which determine the electromag-
netic and strangeness currents. The electric charge operator contains only octet pieces and
is explicitly given by Qˆ = e
2
(λ3 + 1√
3
λ8) = e
3
diag(2,−1,−1), while the strangeness charge
operator contains a singlet and an octet piece and reads Sˆ = 1
3
(1 −√3 λ8) = diag(0, 0, 1).
In the following, qˆ denotes either of these charge operators, and vµ represents either of the
two source fields Aµ and Sµ.
Let us first consider the V → vµ amplitudes relevant for the VMD analysis. The effective
Lagrangian contains an octet and a singlet piece
LV v = C8 vµ Tr(qˆVµ) + C0 vµ Tr(qˆ) V 0µ . (16)
The leptonic widths of ρ0, ω and φ determine C8 according to:
Γ(V → e+e−) = 4π
3
α2
MV
f 2V
, (17)
where
fρ =
√
2M2ρ
C8
fω =
√
6M2ω
cos θ C8
fφ =
√
6M2φ
sin θ C8
. (18)
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In practice, the ω − φ mixing angle is taken to be that of ideal mixing, tan θ = √2, which
leads to C8 ≃ 0.16 GeV2. In order to determine the transition mediated by the strangeness
current, we also need to know the singlet coupling C0. As there is no direct experimental
determination of this coupling, one must rely on some hypothesis. By assuming exact OZI
suppression in the ω-to-vacuum current matrix elements (i.e., 〈0|s¯γµs|ω〉 = 0), we obtain
C0 = −C8/
√
3 = −0.092 GeV2.
The transitions within the octet of vector mesons mediated by the currents are obtained
by minimal substitution into the chiral covariant derivative ∇µ in Eq. (12), plus a gauge
invariant term involving the field strength tensor of the gauge field. Both electromagnetic
and strangeness current transitions are determined by the following effective Lagrangian:
LV V v = i
4
Tr(Vµν [qˆ, V
ν ]) vµ + i
z
2
Tr([Vµ, Vν ] qˆ) v
µν . (19)
Only one new unknown effective coupling (z) enters, which is related to the magnetic mo-
ments of the vector mesons. As we mention in the Section V, the lack of experimental access
to z does not affect our results, as it appears only in a loop diagram which turns out to be
subdominant (diagram 3c).
Vertices of type V PPv are obtained from Eq. (14) by minimal substitution in ∇µ and
ωµ, and by a term proportional to the field strength tensor of the gauge field. The effective
Lagrangian reads (for the sake of simplicity we keep only terms relevant to our calculation):
LV PPv = −i ξ8
4F 20
Tr (∂µV ν([∂µΠ, [qˆ,Π] ]vν − µ↔ ν)
+ vµ[qˆ, V ν ] [∂µΠ, ∂νΠ])
+ i
ζ8
4F 20
Tr (∂µ V ν [[qˆ,Π],Π]) vµν + ... . (20)
The new coupling constant ζ8 is fixed by considering the radiative decay ρ
0 → π+π−γ. Using
the expression for the partial width
Γ(ρ0 → π+π−γ) = αMρ
24 π2 F 40
∫ Mρ
Mpi
dE1
∫ Mρ−E1
Mpi
dE2
12
× Θ
[
4(E21 −M2π)(E22 −M2π)
− (M2ρ + 2M2π − 2(E1 + E2)Mρ + 2E1E2)2
]
× (2ζ8Mρ − (2ζ8 − ξ8) (E1 + E2))2 (21)
and using the previously determined value ξ8 = 0.175, we obtain two solutions: ζ8 = 0.156
and ζ8 = −0.082. Unfortunately, there are no further measured observables to discriminate
between these two solutions. In our results we will include both possibilities.
The final vertices we need are those of the type V V Pv. As in the previous case, we
only need those involving members of the meson octets. They are entirely determined by
minimal substitution into eq. (13), and the relevant pieces read:
LV V Pv = −i R8
2F0
ǫµνρσ Tr (v
µ{[qˆ, V ν ], V ρ}∂σΠ
+ vσ{∂µV ν , V ρ}[qˆ, Π]) . (22)
From the effective Lagrangians given in this section it is straightforward to derive the
Feynman rules and calculate the one-loop diagrams in the following section.
IV. ONE LOOP CALCULATION
In this section we discuss some salient features of the calculation of the one-loop con-
tributions to 〈ρ0(k1, ε)|s¯γµs|π0(k2)〉, which on grounds of isospin symmetry are the same as
the contributions to 〈ρ+(k1, ε)|s¯γµs|π+(k2)〉.
There are only four diagrams, depicted in Fig. 3, which contribute at one-loop order.
As expected, all diagrams are ultraviolet divergent. Diagrams 3a, b and d are quadratically
divergent, while diagram 3c is only logarithmically divergent. At this point we must warn
that, quite in general, the present calculation shows lack of an appropriate chiral expansion
as an expansion in the number of loops; this is due to the presence of a heavy meson (K∗) in
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the loop. Hence, in contrast to calculations involving light mesons or stable heavy baryons
carried out using chiral perturbation theory, in the present case multi-loop and one-loop
contributions might have comparable magnitudes.
We regulate the loops by introducing a hadronic form factor at the vertices. We employ
a form factor, rather than a momentum cut-off as is conventional in chiral loop calculations,
for two reasons. First, in the conventional framework, the cut-off dependence of a phys-
ical amplitude is removed by introducing additional, higher-dimension operators into the
effective Lagrangian whose coefficients are determined from measurements of one or more
observables (often using SU(3) or other symmetry relations). In the present case, however,
we are concerned with a matrix element of an operator which contains both SU(3) octet
and singlet components: s¯γµs = V
(0)
µ + (2/
√
3)V (8)µ . Symmetry arguments only allow one
to determine coefficients of higher-dimension octet operators from, e.g., measured hyperon
semi-leptonic decay rates and low-lying baryon vector current form factors. There exists
insufficient experimental information to fix the coefficients of higher-dimension singlet oper-
ators. Consequently, the predictive power of claculations employing a conventional momen-
tum cut-off procedure is limited in the case of strangeness matrix elements. The use of an
alternative regulator, such as a hadronic form factor, allows one to overcome this limitation,
although at the cost of introducing additional model-dependence into the calculation.
A second reason for the use of a form factor is that it affords one a natural means of
preserving the vector current Ward identities (see below), which are violated by the use of
a simple momentum cut-off procedure.
For purposes of simplicity, we choose the form factor to depend only on k2, the momentum
squared of the virtual K-meson, and use the same cut-off mass parameter for all types of
vertices. We expect this choice to be of little significance concerning the generality of our
results. The hadronic form factor is taken to be
F (k2) =
M2K − Λ2
k2 − Λ2 + iǫ , (23)
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where the scale Λ will be chosen within a reasonable range as discussed below. For k2 = M2K ,
one has F (M2K) = 1. Hence, this choice for the form factor is consistent with the values of
the mesonic coupling constants (R0, R8, ξ8) extracted from on-shell amplitudes.
The implementation of this form factor in the diagrams where the current is inserted
in the meson line (3c,d) is performed by the following straightforward procedure: if
G(M2K ,M
2
K∗) denotes the diagram for point-like hadronic vertices (F (k
2) ≡ 1), then the
corresponding diagram with F (k2) as given in Eq. (23) is
Fˆ(Λ)
[
G(M2K ,M
2
K∗)−G(Λ2,M2K∗)
]
, (24)
where the operator Fˆ is given by
Fˆ(Λ) = −(Λ2 −M2K)2
∂
∂Λ2
1
M2K − Λ2
. (25)
We note that, on general grounds, the introduction of an additional momentum-
dependence at the vertices also requires the inclusion of new “seagull” vertices in order
to maintain gauge invariance [31, 32, 24]. In the present case, these seagull terms generate
additional terms in the V PPv and V V Pv interactions given in Eqs. (20) and (22). Al-
though there exists no unique prescription for maintaining gauge-invariance in the presence
of hadronic form factors, we follow the minimal prescription of Refs. [31, 32, 24] to derive
our seagull terms. To this end, one may consider the form factors appearing at the hadronic
vertices as arising from a co-ordinate space interaction of the form
Ψ(φ1, . . . , φk)λF (−∂2)∂λΠ , (26)
where Π is the octet of pseudoscalar meson fields defined in Eq. (7), Ψλ is a Lorentz
vector constructed from the other pseudoscalar and vector meson fields, and ∂2 is the
D’Alembertian. Transforming to momentum space yields the same hadronic vertices as
generated by the effective Lagrangians in Eqs. (13-14) multiplied by the form factor F (k2),
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where k is the momentum of the pseudoscalar meson associated with the field Π. The
gauge invariance of this interaction can be restored by making the minimal substitution
∂µ → Dµ = ∂µ− iqˆvµ, where qˆ is either the EM or strangeness charge operator and vµ is the
corresponding source field. Expanding the resultant interaction to first order in vµ yields
the seagull interaction
Ψ(φ1, . . . , φk)λ
{
v · (Q + 2i∂)
[
F (−∆2)− F (−∂2)
(−∆2)− (−∂2)
]
∂λ [qˆ,Π]− ivλF (−∆2) [qˆ,Π]
}
. (27)
Here, ∆2 = ∂2−2iQ ·∂−Q2, where Q is the momentum carried by the source. Transforming
to momentum space, replacing the source by the associated vector boson polarization vector
εµ(Q), and taking the specific form for the form factor given in Eq. (23) leads to the vertex
structure
− iΨ˜λ
{
∓F (k2)
[
(Q± 2k)µ
(Q± k)2 − Λ2
]
kλεµ(q) + F ((Q± k)2)ελ(q)
}
[qˆ, λa] , (28)
where the SU(3) index “a” is associated with the pseudoscalar meson carrying the momen-
tum k, Ψ˜λ is the momentum-space form for the Ψλ (without the field operators), and the
upper (lower) sign corresponds to an incoming (outgoing) pseudoscalar meson.
Inclusion of this “minimal” seagull vertex (via diagrams 3a,b) is sufficient to preserve
the gauge invariance of the loop calculation in the presence of hadronic form factors (for a
demonstration of this feature for the case of meson-baryon loops, see Refs. [24, 26, 23]). One
may, of course, include additional transverse seagull terms, which are separately conserved
and which, therefore, do not modify the gauge-invariance of the calculation. This possibil-
ity introduces a degree of model-dependence into the form factor calculation. However, for
purposes of the present work, where we seek to set the scale of, and estimate the theoret-
ical uncertainty associated with, loop contributions, the use of the minimal prescription is
sufficient.
In general, the inclusion of hadronic form factors also destroys the chiral invariance of
the calculation, since the interaction in Eq. (26) is not invariant under a local chiral rotation.
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Restoration of chiral invariance would necessitate replacement of the derivatives ∂µ acting on
Π by the chiral covariant derivative ∇µ introduced in Eq. (10). Since the vector connection
Γµ appearing in ∇µ can be expanded in a power series in the pseudoscalar meson field Π,
this prescription for maintaining chiral symmetry would generate new chiral seagull vertices
containing additional pseudoscalar mesons. The chiral seagull vertex of lowest order in
1/F0 would contain two additional pseudoscalar meson fields and, consequently, would first
contribute to the transition form factor at two-loop order. Since we restrict our attention
to one-loop results, we do not consider contributions from these chiral seagull interactions.
In the notation introduced in the previous section, the VMD piece of this form factor is
given by
1
Mρ
g(s)ρπ (Q
2 = 0)
∣∣∣
φ−dom = −
3
F0
(
4√
3
R8 sin θ − R0 cos θ
)
1
fφ
. (29)
It is convenient to use the measured rate for φ→ ρπ, which gives:
1
Mρ
g(s)ρπ (Q
2 = 0)
∣∣∣
φ−dom = −
3
fφ
GPhenρφπ , (30)
with GPhenρφπ = 1.08 GeV
−1. As shown in the Appendix, we can use Eq. (30) to determine
the combination of R0 and R8 which appears in Eq. (29).
The one-loop contributions are now denoted by g(s)ρπ (Q
2, k21, k1 · Q)
∣∣∣(j)
1−loop, where j =
a, b, c, d refers to the contributions from the different diagrams, and where the dependence
on k21 and k1 · Q allow for off-shell initial and final state mesons. In order to give the
expressions of these contributions in a convenient form, we introduce an operator to project
out the coefficients accompaning terms proportional to kα1 or Q
α resulting from the loop
integrals:
Pˆα(p, q) =
p2 qα − p · q pα
p2 q2 − (p · q)2 . (31)
We then have that Pˆα(p, q)p
α = 0, Pˆα(p, q)q
α = 1.
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The expressions for the different diagrams then read as follows:
1
Mρ
g(s)ρπ (Q
2, k21, k1.Q)
∣∣∣(a)
1−loop =
4R8
F 30
∫
d4k
(2π)4
1
(k2 −M2K)((k1 − k)2 −M2K∗)
×
{
1
2
(ξ8 − ζ8)F (k)2 k2 − ξ8F (k)F (k +Q)
×
[
k2
4
(−1 + 2k · (k1 − k)
k2 − Λ2 ) + Pˆα(k1, Q)k
α (k1 +Q) · (k1 − k)
]}
1
Mρ
g(s)ρπ (k
2
1, k1 ·Q)
∣∣∣(b)
1−loop =
2R8
F 30
ξ8
∫
d4k
(2π)4
F (k)F (k −Q)
(k2 −M2K)((k1 +Q− k)2 −M2K∗)
×
{
k · (k1 +Q− k) (1− 1
2
k2
k2 − Λ2 )
− Pˆα(k1, Q)kα
(
(k1 +Q)
2 + k · (k − 2(k1 +Q))
)
− Pˆα(Q, k1)kα
(
2(k1 +Q)
2 + k · (k − 3(k1 +Q))
)}
1
Mρ
g(s)ρπ (Q
2, k21, k1 ·Q)
∣∣∣(c)
1−loop = −
4R8 ξ8
F 30
∫ d4k
(2π)4
F 2(k)
× 1
(k2 −M2K)((k1 − k)2 −M2K∗)((k1 +Q− k)2 −M2K∗)
×
{
(1 + 4z) Pˆα(Q, k1)k
α [Q.k (p1 +Q)−Q · (k1 +Q) k] · (k1 − k)
+
k2
4
[
−(1 + 4z) (k1 +Q)2 + (3 + 4z) k · (k1 +Q)
]}
1
Mρ
g(s)ρπ (Q
2, k21, k1.Q)
∣∣∣(d)
1−loop =
4R8 ξ8
F 30
∫
d4k
(2π)4
F 2(k) k2 (k1 − k)2
(k2 −M2K)((k +Q)2 −MK)((k1 − k)2 −M2K∗)
(32)
For purposes of comparison we also consider the one-loop contributions to the matrix el-
ements of the electromagnetic current 〈ρ(k1, ε)|JEMµ |π(k2)〉 and 〈K∗(k1, ε)|JEMµ |K(k2)〉. The
one-loop contributions in the case of the electromagnetic current are related to those already
obtained above in a simple manner. With obvious notation, (f and d are structure constants
of SU(3)),
g(γ)ρπ
∣∣∣
1−loop = −
e
2
g(s)ρπ
∣∣∣
1−loop
1
MK∗
g
(γ)
K∗K
∣∣∣
1−loop = −
e
Mρ
(
3∑
i=1
dK∗ibfKic(f3bc +
1√
3
f8bc)g
(s)
ρπ
∣∣∣
1−loop(MK
∗ →Mρ)
+
7∑
i=4
dK∗ibfKic(f3bc +
1√
3
f8bc)g
(s)
ρπ
∣∣∣
1−loop(MK →Mπ)
+ dK∗8bfK8c(f3bc +
1√
3
f8bc)g
(s)
ρπ
∣∣∣
1−loop(MK
∗ →Mω)
)
, (33)
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where the cases of charged and neutral kaons must be considered separately. It is noteworthy
that the one-loop contributions to g(γ)ρπ are due purely to strange particles in the loop.
V. RESULTS
In this section we present and discuss the results for the one-loop contributions to the
transition matrix elements of both electromagnetic and strangeness currents. Throughout
we use R8 = 0.27, ξ8 = 0.18, z = 0, and, ζ8 = 0.16 (case 1) and ζ8 = −0.08 (case 2). Since
diagram (c) turns out to give a modest contribution, the choice z = 0 has little impact on
the results. If we instead use ξ8 = 0.14, as obtained by considering K
∗ decay, the results
obtained for ζ8 and the final results of the loop calculation are only slightly affected.
We discuss first the case of the electromagnetic current matrix elements. To this end, it
is convenient to define the magnitude of the ratio of the one-loop contribution to the form
factor to the measured form factor (“Phen”)
R
(γ)
V P ≡
∣∣∣∣∣∣
g
(γ)
V P (loop)
g
(γ)
V P (Phen)
∣∣∣∣∣∣ . (34)
The sign of the ratio is undetermined, since the sign of the low energy coupling constants
involved cannot be established from available observables. Hence, we consider only the
absolute value. The ratio R
(γ)
V P is shown in Figs. 4 and 5 for the cases of ρ-to-π and K
∗-to-K
radiative transitions respectively.
In each case, the choice of a “reasonable range” for the mass parameter Λ was dictated
by two criteria. First, in order to maintain consistency with our use of VMD in extracting
some of the coupling constants from radiative transitions, we require Λ to fall within a range
such that R(γ)ρπ ≤ 1/2 (R(γ)ρπ = 1/2 corresponds to loop and vector meson poles given equal
contributions if the signs of the contributions are the same). This condition gives an upper
bound of roughly one GeV. Second, to obtain a lower bound on Λ, we refer to a “cloudy
bag” picture of hadrons in which the pseudoscalar Goldstone bosons live outside a hadronic
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bag containing quarks. In this picture, the virtual meson must have a wavelength longer
than the bag radius, so as to be unable to penetrate the bag interior. From this requirement,
we obtain a lower bound of Λ ∼ 1/Rbag ≈ 0.2 GeV for a bag radius of one Fermi. For this
choice of Λ, the form factor in Eq. (23) will suppress contributions from virtual pseudoscalar
mesons with wavelengths shorter than one Fermi. We emphasize that although we do not
perform this calculation within the cloudy bag framework, we simply turn to that picture
to obtain a physical argument for a reasonable lower bound on the cutoff mass.
For Λ falling within our “reasonable range”, the diagrams contributing to the ρπγ form
factor display a zero at Λ = MK . This zero results from the numerator in Eq. (23), which
was chosen to give the normalization F (M2K) = 1. Hence, this zero should be taken as
an un-physical artifact of the choice of form factor. We believe that the values of R
(γ)
V P at
Λ ∼ 0.2 GeV give a realistic lower bound, since this value on Λ is sufficiently far from the
artificial zero at MK . In order to check this assumption, we also computed the diagrams
with a slightly different form factor, replacing the numerator of Eq. (23) with −Λ2. Such
a form factor also displays pointlike behavior (F (k2) = 1) as Λ →∞. The resulting values
of R
(γ)
V P for Λ in the vicinity of MK do not differ significantly from those obtained with the
form in Eq. (23) and Λ ∼ 0.2 GeV (see Fig. 6). In the case of the K∗ → Kγ form factor,
no zero appears at Λ = MK since loops involving virtual pions also contribute. The latter
enter with hadronic form factors normalized to unity at k2 = m2π and, thus, do not vanish
at Λ =MK .
The one-loop contribution in the ρπγ case is about 5 % when Λ ∼ 0.7 GeV, and grows to
25-50% for Λ ∼ 1 GeV. Thus, we take 1 GeV as an upper bound for our reasonable range for
Λ. For theK∗Kγ form factor, the loops containing a π and aK∗ in the intermediate state are
the dominant ones. The loop contributions are relatively more important than those which
enter the ρπγ form factor, ranging from 50-250% of the experimental value as Λ varies from
0.2→ 1 GeV. The relatively large one-loop contributions are an indication that the assumed
validity of VMD for radiative transitions is most likely affected by substantial corrections.
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Notice that our analysis relies on VMD to determine some low energy constants, like R8 and
R0 (see the Appendix). The large loop contribution to the radiative K
∗ decays suggests that
one ought to perform a self-consistent fitting procedure, in which both VMD and one-loop
amplitudes are included in the determination of R8 and R0. Such an analysis goes beyond
the scope of our present objective, however. We seek only to determine the magnitude of,
and quantify the degree of theoretical uncertainty associated with, loop contributions to g(s)ρπ
rather than to arrive at a definitive numerical prediction. From this standpoint, we do not
expect that a carrying out a self-consistent fitting procedure would significantly modify our
conclusions.
For the strangeness vector current transition form factor, we must define a somewhat
different ratio since g(s)ρπ (Q
2) has not been measured. We compute instead ratio R˜(s)ρπ of
one-loop to vector meson dominance contributions
R˜(s)ρπ ≡
∣∣∣∣∣ g
(s)
ρπ (loop)
g
(s)
ρπ (VMD)
∣∣∣∣∣ . (35)
The contributions of the different diagrams to this ratio are all of the same sign. The absence
of possible cancellations between diagrams renders our results less sensitive to the precise
numerical values of the low energy constatnts or choice of hadronic form factor than would
be the case in the presence of cancellations. A similar situation occurs in the ratio R(γ)ρπ . In
the case of the ratios R
(γ)
K∗K there are contributions of different signs. However, the loops
containing pions are dominant and all of the same sign.
The results for the ratio R˜(s)ρπ , shown in Fig. 6, turn out to be large even for very modest
values of the cutoff mass. The reason is that g(s)ρπ (Q
2 = 0)
∣∣∣
φ−dom is very small ( a factor
three smaller than 1/e g(γ) Phenρπ ), while the one-loop correction is a factor two larger than
1/e g(γ)ρπ
∣∣∣
1−loop; thus, the corresponding ratio is almost a factor six larger than in ρπγ case.
Consequently, for Λ ∼ 1 GeV, the strangeness ρ − π transition matrix element can be as
large in magnitude as the corresponding EM transition matrix element, assuming the loop
and φ-pole contributions enter with the same sign (uncertain at present). For small values of
21
the form factor mass (Λ ∼ 0.2 GeV), however, the loop correction to the φ-pole contribution
is 50% at most, in which case g(s)ρπ (0) is no more than half as large as g
(γ)
ρπ (0).
In addition to giving the Λ-dependence of R˜(s)ρπ , the curves in Fig. 6 also illustrate the
sensitivity of our results to other parameters which enter. As in the case of g(γ)ρπ (0), the
dependence of the strangeness form factor on the choice of low-energy constant ζ8 is modest:
the lower set of curves (case 1) and upper set (case 2) differ by less than a factor of two
over our reasonable range for Λ. Similarly, the dependence on the ρ and π virtuality is
negligible, as a comparison of the solid curves (k21 = m
2
ρ, k
2
2 = m
2
π) and dashed curves
(k21 = 0, k
2
2 = 0) indicates. For this reason, we conclude that a nuclear MEC calculation
carried out using k21 = m
2
ρ and k
2
2 = m
2
π in g
(s)
ρπ rather than allowing these momenta to vary
introduces negligible error.
The dotted curve in Fig. 6 also indicates the sensitivity to hadronic form factor normal-
ization. This curve gives the result when one uses F (k2) = −Λ2/(k2 − Λ2) rather than the
form in Eq. (23). The results do not differ significantly except in the vicinity of Λ = MK
as expected (see above discussion). In this region, the values of the dotted curve are close
to those of the solid curves at Λ = 0.2 GeV, confirming our assertion that the latter give a
reasonable lower bound on R˜(s)ρπ .
Finally, we refer to the dash-dotted curve, which gives the ratio R˜(s)ρπ (for case 1) at
the kinematics of the approved CEBAF experiment [14], |Q2| = 0.6 (GeV/c)2. In this
case the φ-pole contribution to g(s)ρπ (Q
2) is down from its value at the photon point by
(1 − Q2/m2φ)−1 ≈ 0.6. The ratio R˜(s)ρπ , on the other hand, is essentially unchanged from its
value at the photon point. Thus, we would expect the loop contributions to modify the
strangeness MEC results of Refs. [27, 28] by a factor of between 0.1 and 3.5 (for Λ varying
over our reasonable range) over the complete range of Q2 considered in those calculations.
These results have significant implications for the interpretation of CEBAF experiment
[14]. Assuming, for example, that the nucleon’s strangeness form factors were identically
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zero, PV 4He asymmetry would still differ from its “zero-strangeness” value [F
(s)
C (0) = 0 in
Eq. (1)] by roughly 15-40% due to the ρ-π strangeness MEC. Thus, for purposes of extracting
limits on the nucleon’s strangeness electric form factor, one encounters about a 25% the-
oretical uncertainty associated with non-nucleonic strangeness. By way of comparison, we
note that models which give a large nucleon strangeness electric form factor, |G(s)E /GnE| ∼ 1
generate a 20% correction to ALR via the one- and two-body mechanims of Fig. 1a,b. On
the other hand, given the projected 40% experimental error for the CEBAF measurement,
a statistically significant non-zero result for F
(s)
C would signal the presence of both a large
strange-quark content of the nucleon as well as a large, non-nucleonic strange-quark com-
ponent of the nucleus.
VI. SUMMARY AND CONCLUSIONS
We have calculated vector-to-pseudoscalar meson vector current form factors using a
combination of vector meson pole and one one-loop contributions. As expected, the one-loop
results are strongly dependent on the mass parameter in the hadronic form factor needed
to regulate otherwise divergent loop integrals. For values of Λ lying within a “reasonable
range” whose upper limit is determined by self-consistency with VMD and lower limit by
a cloudy bag picture of hadrons, we find that the one-loop contributions to the ρπγ and
K∗Kγ amplitudes may give a substantial fraction of the measured amplitudes. In the case
of the strange-quark vector current ρ-to-π transition form factor, the loop contributions may
enhance the total amplitude by more than a factor of three over an estimate based on VMD.
Assuming loops involving heavier mesonic intermediate states do not cancel the contribution
from the lightest mesons, our results could have serious implications for the interpretation
of the moderate-|Q2|, CEBAF PV electron scattering experiment with a 4He target [14].
Indeed, this strangeness transition form factor, which contributes to the nuclear strangeness
charge form factor F
(s)
C (q) via a meson exchange current [27, 28], would induce a 15 - 40%
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correction to the zero-strangeness 4He PV asymmetry [Eq. (1) with F
(s)
C = 0]. Were the
measurement [14] to extract a statistically significant, non-zero result for F
(s)
C , one would
have evidence that non-valence quark degrees of freedom – both nucleonic and non-nucleonic
— play an important role in the medium energy nuclear response.
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VIII. APPENDIX
In this appendix we describe the determination of R0 and R8.
Determination of R0 and R8: these two effective couplings can be determined by using
the decay width of φ → ρπ and the radiative decays of vector mesons supplemented with
the hypothesis of VMD.
The partial width Γ(φ→ ρπ) is given by:
Γ(φ → ρπ) = |Gφρπ|
2
12π
|kf |3 .
From eq. (13) we obtain:
Gφρπ =
1
F0
(
−R0 cos θ + 4√
3
R8 sin θ
)
,
while the experimentally observed partial width gives:
∣∣∣GPhenφρπ ∣∣∣ = 1.08 GeV−1.
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In practice we will take θ to correspond to ideal φ− ω mixing.
The radiative transition amplitude V → Pγ has the general form:
A(V → Pγ) = −i g(γ)V P ǫµνρσ P µV ενV P ργ εσγ .
The radiative partial width is given by:
Γ(V → Pγ) =
∣∣∣g(γ)V P ∣∣∣2 |kf |3 .
Using VMD we have that:
g
(γ)
V P = −
∑
V ′=ρ0,ω,φ
GV V ′PCV ′
Q2 −M2V ′
,
where CV = M
2
V /fV , fρ = 5.1, fω = 17, and fφ = 13. From eq. (13) we obtain:
Gρρπ = 0
Gρωπ =
1
F0
(
4√
3
R8 cos θ +R0 sin θ
)
Gρφπ =
1
F0
(
4√
3
R8 sin θ − R0 cos θ
)
GK∗+ρK+ =
2
F0
R8
GK∗+ωK+ =
1
F0
(
− 2√
3
R8 cos θ +R0 sin θ
)
GK∗+φK+ = − 1
F0
(
2√
3
R8 sin θ +R0 cos θ
)
GK∗0ρK0 = −GK∗+ρK+
GK∗0ωK0 = GK∗+ωK+
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GK∗0φK0 = GK∗+φK+
Using the measured rates, our best fit leads to:
R0 ∼ 1.0 , R8 ∼ 0.27.
The VMD result for the transition matrix elements of the strangeness current have the
same structure, the only difference is that now CV has to be replaced by SV . In the following
we assume that SV is only non-vanishing for V = φ. This holds whenever C0 corresponds
to exact OZI suppression as mentioned in section III. From eq. (16) we obtain:
Sφ = −3
M2φ
fφ
.
This leads to the VMD result used in the text:
1
Mρ
g(s)ρπ (Q
2 = 0)
∣∣∣
φ−dom =
1
M2φ
GPhenρφπ Sφ.
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FIGURE CAPTIONS
Figure 1: Contributions to the nuclear strangeness charge form factor, F
(s)
C (q). One-
body (a) and “pair current” (b) contributions depend on the nucleon’s strange-quark vector
current form factors. “Transition current” (c) contributions arise from strange-quark vector
current matrix elements between meson states |M〉 and |M ′〉. Here, the cross indicates the
insertion of the strangeness charge operator.
Figure 2: φ-meson dominance picture of the strangeness current transition matrix ele-
ment. V refers to a vector meson, P to a pseudoscalar, and the cross represents the insertion
of the current.
Figure 3: One-loop diagrams which contribute to the strangeness current transition
matrix element. The cross represents the strangeness vector current.
Figure 4: Ratio R(γ)ρπ for the matrix element of the electromagnetic current between ρ
and π mesons. The solid curve correspond to case 1 (ζ = 0.16) and the dashed one to case
2 (ζ = −0.08). In each case we have used k21 = M2ρ , Q2 = 0, and k22 =M2π .
Figure 5: Ratio R
(γ)
K∗K for the matrix element of the electromagnetic current between
K∗ and K mesons. The solid lines correspond to charged kaons and the dashed ones to
neutral kaons. In each case, the upper curve corresponds to case 2, and the lower one to
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case 1. The kinematic invariants used are: k21 = M
2
K∗ , Q
2 = 0, and k22 = M
2
K .
Figure 6: Ratio R˜(s)ρπ for the matrix element of the strangeness current between ρ and
π mesons. The solid curves corresponds to case 1 and the dashed ones to case 2. In each
case the lower curve corresponds to k21 = M
2
ρ , Q
2 = 0 and k22 = M
2
π , and the upper one to
k21 = 0, Q
2 = 0 and k22 = 0. The dash-dotted curve corresponds to case 1 with k
2
1 = M
2
ρ ,
Q2 = 0.6 GeV2 and k22 = M
2
π , and the dotted curve corresponds to case 1 with k
2
1 = M
2
ρ ,
Q2 = 0 and k22 = M
2
π , and the form factor F (k
2) = Λ2/(Λ2 − k2).
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